Gsc-1 expression marks cells with Spemann organizer, or axis-inducing, activity in the vertebrate gastrula. Gsc-1 knockouts, however, did not display phenotypes related to the early phase of expression. In this paper, additional phenotypes for the Gsc-1 mouse mutant are presented. Examination of the base of the cranium in the dorsal view revealed fusions and deletions in the midline of the prechordal chondrocranium. These defects were correlated with the sites of expression of Gsc-1 in the prechordal plate/foregut endoderm in the day 7.5/8.5 embryo. Gsc-1 expression in proximal limb buds was correlated with malformations of the shoulder and hip articulations. In addition, ribs in the seventh cervical vertebra were observed with low penetrance. The role of Gsc-1 during gastrulation and axial development is discussed in relation to possible compensatory interactions with other genes such as HNF-3b and the recently identified Gsc-2 and Gsc-3 genes.
Introduction
Goosecoid is a homeobox-containing gene expressed in the gastrula organizer region of Xenopus, mouse, chick and zebrafish Blum et al., 1992; Izpisúa-Belmonte et al., 1993; Stachel et al., 1993; Schulte-Merker et al., 1994) . Expression persists in the prechordal plate, a derivative of organizer tissue (Steinbeisser and De Robertis, 1993; Artinger et al., 1997) . Expression of goosecoid is also found in the anterior endoderm in a number of species (Izpisúa-Belmonte et al., 1993; Stachel et al., 1993; Schulte-Merker et al., 1994; Filosa et al., 1997) . Together with markers such as Brachyury, goosecoid has been useful for identification of homologous regions in various vertebrate gastrulae (reviewed by De Robertis et al., 1994) . Starting at day 10.5, goosecoid also has a late phase of expression in a number of neural crest derivatives, the limbs and the ventrolateral body wall (Gaunt et al., 1993) . Recent studies have shown that, in addition to goosecoid, there are at least two other related genes in the vertebrate genome, Gsx in chick and Gsc-like in mouse (Galili et al., 1997) . For reasons discussed below, in the present manuscript we refer to these genes as Gsc-1, 2 and 3.
Mouse Gsc-1 has been inactivated using gene targeting by two independent groups (Rivera-Pérez et al., 1995; Yamada et al., 1995) . Instead of the expected gastrulation or axial midline defects, the mutant phenotypes observed correlated with the late phase of expression. Gsc-1 − / − animals are born alive but die soon after birth. Numerous craniofacial abnormalities were reported, including defects in the turbinals, vomer, palatine, alisphenoid, pterigoids, tympanic bone, lower mandible and associated musculature and components of the inner ear (Rivera-Pérez et al., 1995; Yamada et al., 1995) . All of these malformations can be explained by the expression of Gsc-1 in neural crest derivatives after day 10.5 (Gaunt et al., 1993) . However, early phenotypes have recently been observed. Gsc-1 genetically interacts with another organizer-specific gene, the winged-helix factor HNF-3b. In Gsc-1 forebrain and severe ventralization of the brain, accompanied by loss or reduction of sonic hedgehog, FGF-8 and netrin (Filosa et al., 1997) . These phenotypes indicate that Gsc-1, in conjunction with other genes, is required for axial patterning earlier than previously reported in the single knockout studies.
In the present paper we present new phenotypes resulting from a more detailed analysis of Gsc-1 mutants. In addition to defects in proximal limbs and rib cage, we find that Gsc-1 − / − mice have defects in the prechordal chondrocranium resulting in deletions and fusions in the junction between the ethmoid and the presphenoid. These defects in the prechordal midline are consistent with alterations in the development of the posterior part of the ancestral trabecular cartilage that develops in close relationship with the foregut (Kuratani et al., 1997) , in particular with the region that expresses Gsc-1 in the murine prechordal plate.
Results

Mutation of Gsc-1 causes reductions and fusions in the immediate prechordal chondrocranium
The skull is a complex structure derived from several embryonic components: the chondrocranium, on which the brain rests, the viscerocranium, which develops in association with the pharyngeal arches and the dermatocranium, composed of bones of membranous origin that cover the brain. In addition, three bony structures, the olfactory, optic and otic capsules form around sensory organs and fuse to the rest of the cranial elements. In mammals, a secondary cranial wall forms ventrolaterally to the braincase, establishing the palate, which separates the air passages from the oral cavity. In previous studies it was shown that bones of the latter aspect of the skull, in particular the vomer, the palatine and the pterigoid processes are reduced in Gsc-1 − / − mice (Rivera-Pérez et al., 1995; Yamada et al., 1995) . These components of the viscerocranium are derived from the neural crest of branchial arch 1, in which Gsc-1 transcripts are expressed starting at day 10.5 of development (Gaunt et al., 1993) . These malformations were observed in ventral views of the cranium. However, the midline elements of the chondrocranium cannot be clearly seen in this view. In the present analysis, we removed the membranous bones of the roof of the skull in order to gain access to the dorsal aspect of the base of the skull. A new phenotype in the midline of the chondrocranium in Gsc-1 − / − mutants was noted.
In the mouse, the ethmoid (Eth, which contains the nasal capsule) and the presphenoid (PS) form two separate units connected by the nasal septum (NS) (Figs. 1A,C,E and 2). In all 89 Gsc − / − animals examined, we observed a fusion of the ethmoid and the presphenoid, which formed a single unit (arrowheads in Fig. 1D ). The cribiform plate (CP, the dorsal part of the ethmoid, through which the olfactory nerves exit) is reduced in size and the presphenoid is slightly smaller. The fusion results from loss of cartilage and bone at the base of the cranium (Fig. 2) . The deletion of material can be best visualized by comparing the distance between the posterior end of the vomer (V) and the anterior limit of the presphenoid, which is indicated by parallel arrows in Fig. 1C-F) . The vomer, which is much reduced in size in the mutant, is displaced, so that it becomes located closer to the presphenoid. As can be seen by comparing Fig. 1C with Fig. 1D , the defect leads to a fusion (indicated by white arrowheads in Fig. 1D ) of the ethmoid with the wing-like extension of the presphenoid (ali-presphenoid, APS) that forms the anterior arch of the optic foramen. This midline region, in which the main defect was observed, is demarcated in green in the diagram shown in Fig. 2 . This midline defect develops in close association with goosecoid-expressing cells at early stages of development. Gsc-1 is first expressed in the anterior primitive streak and anterior visceral endoderm at the gastrula stage (Blum et al., 1992; Belo et al., 1997; Filosa et al., 1997) and expression continues through neurulation. Fig. 3A shows a wholemount in situ hybridization of Gsc-1 at the early neural fold stage (day 7.5). Expression is seen in the anterior midline, and histological sections show that both the axial mesendoderm and the neurectoderm contain Gsc-1 transcripts (Fig. 3B,C) . In the midline, the endomesoderm comes into contact with the neurectoderm without intervening mesoderm, forming the notochordal and prechordal plates (Kaufman, 1992) . In more anterior sections, the midline region is wider, forming the prechordal plate (compare Fig. 3B with Fig. 3C ). Although the prechordal and notochordal plates are morphologically similar (Sulik et al., 1994) , they differ molecularly at day 7.5, since the prechordal plate expresses Gsc-1 whereas the notochordal plate does not.
In mouse development, the anterior end of the notochord extends to the cephalic flexure of the brain, where the hypophysis will form (Barghusen and Hopson, 1979; Kuratani et al., 1997) . In day 8.5 embryos, Gsc-1 expression can be found in the dorsal foregut anterior to the cephalic flexure, as well as in the ventral diencephalon (Fig. 3D ). This region of the dorsal foregut has been recently proposed to constitute the mouse prechordal plate at this stage (Sulik et al., 1994; Shimamura and Rubenstein, 1997) , and the expression of Gsc-1 (arrowheads in Fig. 3D ) supports this view. Gsc-1 is not expressed in the midline posterior to the cephalic flexure, where the notochord is located (arrow in Fig.  3D ).
The midline defects correspond to reductions in the immediate prechordal skeleton located anteriorly to the hypophyseal fenestra (Fig. 2) . Although the skeletal structures involved are derived from neural crest (Couly et al., 1992) , they develop in close association with Gsc-1-expressing cells in the prechordal plate during early development. The notochord does not express Gsc-1 at these stages. The bones of the chordal region of the chondrocranium, the basisphenoid and the basioccipital, are not affected in Gsc-1 (Fig. 2) .
Gsc does not show interactions with nodal and Brachyury
Many genes are involved in the formation of organizerderived axial structures, and to understand how they cooperate with each other it is necessary to analyze double mutants in all possible combinations (De Robertis, 1995) . To explore potential genetic interactions of Gsc-1, we crossed Gsc-1 + / − ; nodal + / − and Gsc-1
member that is required for the formation of the primitive streak in mouse and that is expressed in the node at midgastrula stages (Zhou et al., 1993; Conlon et al., 1994) . T, or Brachyury, encodes a transcription factor expressed in the notochord , which at early gastrula stages overlaps with the Gsc-1 expression domain in zebrafish and Xenopus embryos (Schulte-Merker et al., 1994; Artinger et al., 1997) . Compound heterozygote neonates had no skeletal phenotype, and Gsc-1
neonates showed no enhancement of the Gsc-1 mutant phenotype ( Fig. 1G ,H, compare with Fig. 1D ). Because nodal − / − and T − / − embryos are early embryonic lethals, only one copy of these genes was removed in these experiments. Although we observed no enhancement of the Gsc − / − phenotype in our studies with nodal or T, a synergistic interaction between Gsc-1 and HNF-3b has been recently reported in experiments of similar design (Filosa et al., 1997) . 
Gsc-1 − / − defects in limbs
In addition to an early phase of expression in the anterior primitive streak, anterior visceral endoderm and prechordal plate (Blum et al., 1992; Belo et al., 1997; Filosa et al., 1997) , Gsc-1 mRNA has a late phase of expression starting at day 10.5 that has been described in detail (Gaunt et al., 1993) . We have now obtained an antibody which, although weak, allowed the visualization of Gsc-1 protein in the sites previously identified by in situ hybridization in day 10.5 embryos. Expression was observed in the neural crest of the frontonasal mass, branchial arches 1 and 2, ventral body wall and fore-and hindlimbs (Fig. 4A,B) . Skeletal abnormalities have been reported in derivatives of all these regions of expression (Rivera-Pérez et al., 1995; Yamada et al., 1995) except for the limbs. Gsc-1 is expressed in the proximal-anterior-ventral region of the limb buds (Gaunt et al., 1993; Heanue et al., 1997) which gives rise to the proximal limbs. This prompted us to examine in more detail the hip and shoulder articulations in Gsc-1 − / − neonates. Although the limbs appeared normal on first inspection, as reported previously, when the humerus and the femur were separated from the scapula and the coxal bone respectively, alterations of the shoulder and hip joints became evident. These malformations were present in all Gsc-1 − / − neonates analyzed (n = 89).
In the hip, the acetabular cavity (AC) is greatly enlarged and irregularly shaped (Fig. 4D) . The proximal epiphysis of the femur adopts a shape complementary to that of the cavity, becoming irregular and in particular having an enlarged lesser trochanter in contact with the acetabulum (not shown). The ischium (IS) is also reduced in size and sometimes in length, leading to a deformation of the coxal bone, seen as a reduction of the obturator foramen (OF) and anterior protrusion of the pubic symphysis (PS) (Fig. 4C,D) . The rest of the femur and the leg are normal. In the shoulder, the glenoid cavity (GC) is malformed and the coracoid process (CP) is reduced (Fig. 4E,F) . The head of the humerus adopts an irregular shape that is complementary to that of the malformed cavity in the scapula (not shown). We conclude that the expression domain of Gsc-1 in the proximal limb buds is required for proper development of the shoulder and hip articulations.
Posterior homeotic transformations in Gsc-
Detailed examination of neonate skeletal preparations of Gsc-1 − / − (n = 60, from a total of 265 animals from B6SJL/ F1 crosses) revealed possible homeotic transformations. At a low frequency (13%, n = 8), bilateral supernumerary ribs of variable size were observed in C7 (indicated by arrows in Fig. 5B ,E). These represent a posterior homeotic transformation of C7 into T1. Although the penetrance is low, we think these may be significant, because cervical ribs were never observed in their heterozygous or wild-type littermates. In our experience the B6SJL/F1 background provides very robust skeletal preparations, in which spontaneous C7 to T1 transformations have not been observed in these and other experiments. In addition to the occasional ribs in C7, two phenotypes are found in the rib cage that could also be interpreted as posterior homeotic transformations. As noted initially by Rivera-Pérez et al. (1995) , Gsc-1 − / − mice can have rib fusions and a smaller number of sternal ribs. These phenotypes were not reported in our previous study (Yamada et al., 1995) . We now confirm the report (Rivera-Pérez et al., 1995) that Gsc-1 − / − mice display fusions of rib 1 and rib 2, so that rib 1 no longer meets the sternum at the manubrium (arrowhead in Fig. 5C ). The rib fusions can be uni-or bilateral and were found in 10% (n = 6) of Gsc-1 − / − neonates (compared with a 35% penetrance in the study by RiveraPérez et al., 1995) . In addition, the number of ribs that join the sternum, usually seven in the mouse, were reduced to six in 13% (n = 8) of our sample (compared with 20% in the study by Rivera-Pérez et al., 1995) , data not shown. These changes confer posterior characteristics to rib 1 (so that it resembles rib 2) and to rib 7 (so that it resembles rib 8, which does not attach to the sternum) and could be considered, together with the C7 cervical ribs, as possible posterior homeotic transformations. This interpretation would be consistent with the observation that a Gsc-1 retrovirus can repress expression of genes of the Hoxa and Hoxd com- plexes in infected chick limb buds (Heanue et al., 1997) . However, because Gsc-1 is expressed after day 10.5 in the ventrolateral body wall (Gaunt et al., 1993) , in which ribs and sternum are formed, it is not possible to formally distinguish an early axial homeotic phenotype from malformations due to later events in the development of the thoracic wall. This issue could be resolved by in situ hybridizations demonstrating shifts in the borders of Hox gene expression in Gsc − / − mutants. However, due to the low penetrance of the phenotypes, this would be a difficult experiment. showing that Gsc-1 expression is not present in the notochordal plate (arrowheads), but can be detected in the overlying midline neurectoderm. The prechordal and notochordal plates can be identified because there is no mesoderm interposed between these midline structures and the neural plate. The prechordal plate is wider and located more anteriorly than the notochordal plate. At later stages cells of the notochordal plate become separated from the endodermal layer, forming the notochord in the midline mesodermal layer of the mouse embryo. (D) Transverse histological section of a day 8.5 embryo showing Gsc-1 expression in the dorsal foregut prechordal plate (arrowheads) and ventral diencephalon. This region is magnified in the upper inset; the lower inset shows the level at which this section was taken with respect to the cephalic flexure. Di, diencephalon; FG, foregut; No, notochord; NP, notochordal plate; PP, prechordal plate.
Discussion
A previously unnoticed phenotype in Gsc-1 − / − mice was observed in dorsal views of the base of the cranium. The defects were centered in a region of the cranium that develops in association with the proposed location of the prechordal plate (Fig. 2) . Gsc-1 is expressed in the anterior primitive streak in the day 6.5 gastrula, in cells that will give rise to the notochord and prechordal plate (Blum et al., 1992; Filosa et al., 1997) . By day 7.5, expression is maintained in the prechordal plate but not in the notochordal plate. At day 8.5, expression is seen in the dorsal foregut, anterior to the cephalic flexure. This Gsc-1-positive region is considered to correspond to the prechordal plate of the mouse embryo (Sulik et al., 1994; Shimamura and Rubenstein, 1997) and is located in the region immediately anterior to the notochord, where the midline defects were detected in neonate mice. The bones of the base of the cranium have two different origins. Posterior to the hypophysis, the notochord induces the parachordal cartilages, and anterior to it the prechordal cranium develops associated with an ancestral cartilage, the trabecula cranii (Kingsley, 1926; Barghusen and Hopson, 1979; Kuratani et al., 1997) . The trabecular cartilage originated from a neural crest element that formed anterior to branchial arch 1 and gave rise to most of the prechordal chondrocranium. In an excellent recent review, Kuratani et al. (1997) proposed that the trabeculae develop in close association with the foregut. The phenotypes described here affect the development of the posterior part of the ancestral trabecula.
Targeted inactivation of the mouse Lim-1 gene (Shawlot and Behringer, 1995) and of the Otx-2 homeobox gene (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) cause severe deletions of head structures. The deleted cranial elements comprise all trabecular derivatives, as is particularly noticeable in the analysis of Otx-2 haploinsufficiency in certain genetic backgrounds (Matsuo et al., 1995; Kuratani et al., 1997) . The midline defects in Gsc-1 − / − mice affect only the posterior parts of the trabecular derivatives, suggesting a correlation with the region of Gsc-1 − / − expression in the foregut/prechordal plate domain at days 7.5-8.5. The head defects described in previous studies (RiveraPérez et al., 1995; Yamada et al., 1995) correlated best with the late phase of expression of Gsc-1 in branchial arch 1 that starts at day 10.5 (Gaunt et al., 1993) . These defects include the lack of tympanic ring and reductions in the lower jaw, vomer, alisphenoid and pterigoids. The proposed function in the foregut/prechordal plate would imply an earlier role for Gsc-1 in midline development than previously thought.
A role for Gsc-1 in axial development has recently been uncovered by Filosa et al. (1997) , who analyzed the genetic interactions between Gsc-1 and HNF-3b. In Gsc-1 − / − ;
HNF-3b
+ / − embryos these two genes act synergistically, so that, starting at day 8.75, a set of dramatic malformations process; C, clavicle; IL, ilium; IS, ischium; OF, obturator foramen; P, pubis; PS, pubic symphysis; S, spinous process; SP, scapula.
is observed. The expression of sonic hedgehog, HNF-3b itself, netrin and FGF-8 were greatly reduced in the anterior region of the embryo at day 8.75. These changes in gene expression lead to defects in dorsoventral patterning of the brain (Filosa et al., 1997) . These results are consistent with an early role of Gsc-1, in conjunction with HNF-3b, in the patterning of the anterior region of the embryo. Gsc-1 is expressed in the proximal-anterior-ventral region of the limb buds. In Gsc-1 − / − mice a phenotype was found in the shoulder and hip joints. In the hip, the acetabular cavity is enlarged and in the scapula the glenoid cavity is deformed. The head of the femur and of the humerus are also malformed, adopting a complementary shape to that of the articular cavity. These malformations are only obvious after the articulations have been disjointed, explaining why they escaped notice in previous analyses (Rivera-Pérez et al., 1995; Yamada et al., 1995) . In gainof-function experiments in chick limbs, a Gsc-1 retrovirus led to alterations in the growth of the limb and in the articulation of the femur (Heanue et al., 1997) . The changes in limb cell proliferation were correlated with repression of Hoxa and Hoxd gene expression (Heanue et al., 1997) . It is conceivable that the possible posterior transformations observed at low frequencies in Gsc-1 − / − mice (Fig. 5) could be due to loss of repression of genes of the Hox complexes at early stages of development. The recent discovery that Gsc has a domain involved in transcriptional repression (Smith and Jaynes, 1996; Mailhos et al., 1998 ) is in accordance with a possible role for Gsc-1 as a repressor of gene expression. A large number of organizer-specific genes have been isolated in Xenopus, chick and mouse (Lemaire and Kodjabachian, 1996; . Many of them are transcription factors, in particular homeobox genes, or encode secreted proteins. To understand the role of each of these genes in the mouse organizer it will be necessary to analyze not only the single knockout phenotypes but also double and triple mutants in various combinations. In this study we asked whether removal of one copy of the secreted factor nodal or of the DNA-binding protein Brachyury had dose-dependent interactions with Gsc-1 mutations, and did not detect any. However, HNF-3b has been recently shown to have synergistic interactions with Gsc-1 (Filosa et al., 1997) , demonstrating that some of the effects of Gsc-1 expression during gastrulation can be functionally compensated for by other organizer-specific genes.
Goosecoid is an evolutionarily conserved gene, with related homeobox genes present in Drosophila, C. elegans and ascidians (Goriely et al., 1996; Hahn and Jäckle, 1996;  and accession numbers ZK993 and Z79640, see Fig. 6 ). Recent studies have revealed the existence of multiple goosecoid genes in vertebrates. As shown in Fig. 6 , the Gsc-2 gene of the chick (designated Gsx, and Gsc-3 of the mouse (designated Gsc-like, Galili et al., 1997) have a similar genomic organization and homeodomain sequence to those of Gsc-1. The amino-terminal domain with transcriptional repression activity (Smith and Jaynes, 1996; Mailhos et al., 1998 ) is also conserved (Fig.  6A) . The 60-amino acid homeodomain is 100% conserved in the Gsc-1 homologues of mouse, chick, zebrafish and humans. However, the homeodomains of Gsc-2 (in chick) and Gsc-3 (in mouse) differ between themselves by eight amino acids (Fig. 6B) . When the sequences of the entire proteins are compared, Gsc-2 and -3 share only 50% identity. It could be argued that these differences could be due to the Gsc-2 sequence being derived from chick and the Gsc-3 sequence from mouse; however, mouse Gsc-1 and chick Gsc-1 share 89% amino acid identity. Furthermore, the full-length Gsc-1 proteins from either mouse or chick share only 42-43% identity with Gsc-2 and Gsc-3 (data not shown).
The sequence comparisons strongly suggest that, although the Gsc-2 homologue has not yet been cloned in mouse, Gsc-2 and Gsc-3 represent distinct genes in amniotes. In chick, the patterns of expression of Gsc-1 and Gsc-2 overlap during early gastrulation in the chick (Koller's sickle and early primitive streak), and at later stages in the ventral diencephalon, and may therefore have a degree of functional redundancy . In preliminary studies we were able to detect Gsc-3 transcripts in the neural plate of the day 8 mouse embryo in the prospective diencephalic region (data not shown). At this stage, therefore, transcripts for Gsc-1, 2 and 3 overlap in the ventral diencephalon. The issue of functional redundancy between the three Gsc genes will be resolved when double and triple mutants are made. (Blum et al., 1992) , Gsc-2 from chick and Gsc-3 from mouse (Galili et al., 1997) . Translated regions are depicted as rectangles, with the homeodomain region in black; the sequence of the proposed transcriptional repression domain at the amino terminus (Smith and Jaynes, 1996) is shown. (B) Alignment of the homeodomains from different organisms. Only the Gsc-1 homeodomain from mouse and chick is shown in its entirety, for the others, only the differences are noted. All homeodomains carry the characteristic lysine in helix three (position 50) and are more related to each other than to any other homeobox gene. The homeodomains of Gsc-1 from human, mouse, chick and zebrafish are 100% identical while the frog Gsc-1 differs by one conservative change (arginine instead of lysine at position 37). Gsc represents an evolutionarily ancient homeobox gene with similar genes in C. elegans, D. melanogaster and ascidians. The accession numbers for the Gsc genes are: mouse Gsc-1 M85271, chick Gsc-1 X70471, chick Gsc-2 Y09850, mouse Gsc-3 U70231, C. elegans, Ce Gsc contigs ZK993 and Y48G8 and cDNA group CELK06588, Drosophila, Dm Gsc X95420 and U52968 and ascidian Ciona, As Gsc Z79640. The sequences are from mouse (mm, Mus musculus), chick (gg, Gallus gallus), worm (Ce, Caenorhabditis elegans), fly (Dm, Drosophila melanogaster) and ascidian (As, Ciona intestinalis).
From a historical point of view, Gsc-1 was important to current thinking about how the organizing center of the gastrula functions. Gsc-1 was the first organizer-specific homeobox gene to be isolated Cho et al., 1991) and its study led to the realization that homeobox genes are an important component of the molecular machinery of Spemann's organizer. In the mouse, the expression of Gsc-1 in the anterior primitive streak led to the proposal that this region corresponded to the mouse early organizer (Blum et al., 1992; De Robertis et al., 1994) , which has since been demonstrated by transplantation studies (Beddington, 1994) . The mouse Gsc-1 knockout, however, failed to demonstrate gastrulation phenotypes (Rivera-Pérez et al., 1995; Yamada et al., 1995) . This may be explained by functional compensation with other organizer genes (Filosa et al., 1997) or by redundancy with Gsc-2 or Gsc-3. In this study, however, we presented a new phenotype in Gsc-1 − / − mice. This is a defect in the midline of the base of the cranium, in a region which develops in close association with the prechordal plate, a structure that is derived from the organizer, expresses Gsc-1 and has patterning activities.
Experimental procedures
Generation of single and double mutant mice
Gsc-1 heterozygous mice of 129/Sv × C57BL/6 hybrid background (Yamada et al., 1995) were crossed with 129/Sv or with B6SJL/F1 mice. Heterozygous animals from the B6SJL/F1 cross were intercrossed and analyzed for skeletal abnormalities. A total of 265 skeletal preparations, of which 60 were Gsc-1 − / − , were analyzed. Heterozygous animals from the 129/Sv F1 cross were inbred for two additional generations with 129/Sv wild-type animals, generating F3 animals. F3 heterozygous animals were then intercrossed and analyzed for skeletal abnormalities. A total of 111 neonates in the 129 background were analyzed, of which 29 were Gsc-1 − / − . These F3 heterozygous animals were also crossed with nodal heterozygous mice of 129/Sv background (Zhou et al., 1993) and with T + / − heterozygous mice of BTBrtf b background (Artzt et al., 1982; Artzt, 1984) to generate double heterozygous males, which were then crossed to Gsc-1
Genotyping of wild-type and mutant mice
DNA was prepared from tail biopsies of adult and newborn mice and used for PCR genotyping. For the wild-type Gsc-1 allele, the following primers were used: forward, 5′-CAGATGCTGCCCTACATGAACGTGG-3′, and reverse 5′-GGCGTTTTCTGACTCCTCCGAGG-3′. The presence of a mutated Gsc-1 allele was detected by using the Gsc-1 forward primer together with a neo primer, 5′-GAGGAT-CTCGTCGTGACCCATGG-3′. DNA was amplified for 32 cycles (94°C, 64°C and 72°C for one minute each) in 25 ml volume containing 0.2 mM of dNTPs and 0.1 mM of each oligonucleotide, using Opti-Prime Buffer 10 (Stratagene). For genotyping the wild-type nodal allele, the following primers were used: forward, 5′-AAGAGAGGAAAGTAG-GCTTGC-3′ and reverse, 5′-GCACATAAGAACTAG-TGGTGCCTG-3′. The presence of a mutated nodal allele was detected using the nodal forward primer with reverse primer 5′-GCGAACAGAAGCGAGAAGC-3′. DNA was amplified for 30 cycles (94°C, 60°C and 72°C for 1 min each). T + / − neonates were identified by virtue of their reduced tail length at birth.
Embryo preparation and in situ hybridization
Collection of staged mouse embryos, preparation of the antisense Gsc-1 probe, whole-mount in situ hybridization and subsequent histological sectioning were performed as described previously (Belo et al., 1997) .
Generation of the Gsc-1 polyclonal antibody and immunohistochemistry
Gsc-1 specific antigens were generated by subcloning exon 1 in the pGEX-2T expression vector, creating a fusion protein with glutathione-S-transferase (Smith and Johnson, 1988) . GST-Gsc-1 fusion protein was purified and polyclonal antisera raised according to Gamer and Wright (1995) . Whole-mount immunostaining was as described by Gamer and Wright (1993) . Embryos were fixed in Dent's fixative. The resulting antibodies were of low titer and had to be used at a dilution of 1:2-1:5. At these dilutions the antibody displayed high background in gastrula stage preparations.
Skeletal analysis
Alcian blue-alizarin red skeletal staining was performed as described previously (Kessel et al., 1990 ) with modifications. Briefly, the skin and viscera were removed from newborn mice using forceps and then fixed in 95% ethanol for a minimum of 12 h (overnight). The specimens were kept in 15-ml Falcon tubes, placed on a gentle rocker through all the staining procedure. The ethanol was replaced with alcian blue solution (0.045% alcian blue 8GX (Fisher); 80% ethanol; 20% acetic acid) and allowed to stain for 1-3 days. The alcian stain was washed away for 6 h with 95% ethanol, and replaced with 2% KOH solution for 24 h. The specimen was then stained in a 0.03% alizarin Red S (Sigma)/1% KOH solution for 12-24 h. Skeletons were placed in 1% KOH, 20% glycerol and kept in this solution until the specimen was completely cleared. The clearing solution was replaced with 1:1 glycerol:95% ethanol storage solution. For longterm storage, specimens were passed through a glycerol/ ethanol storage solution series: 50%, 80% and finally 100% glycerol.
